Abstract-We present a statistical path loss model derived from 1.9 GHz experimental data collected across the United States in 95 existing macrocells. The model is for suburban areas, and it distinguishes between different terrain categories. Moreover, it applies to distances and base antenna heights not well-covered by existing models. The characterization used is a linear curve fitting the decibel path loss to the decibel-distance, with a Gaussian random variation about that curve due to shadow fading. The slope of the linear curve (corresponding to the path loss exponent, ) is shown to be a random variate from one macrocell to another, as is the standard deviation of the shadow fading. These two parameters are statistically modeled, with the dependencies on base antenna height and terrain category made explicit. The resulting path loss model applies to base antenna heights from 10 to 80 m, base-to-terminal distances from 0.1 to 8 km, and three distinct terrain categories.
I. INTRODUCTION

F
OR signal strength prediction and simulation in macrocellular environments, the Hata-Okumura [1] , [2] model is widely used. This model is valid for the 500-1500 MHz frequency range, user distances greater than 1 km from the base station, and base antenna heights greater than 30 m. There are some reports in the open literature that elaborate on the Hata-Okumura model, e.g., [3] - [5] , and also some that use terrain databases [6] , [7] . None of these approaches, however, address the variety of new communication systems [e.g., personal communications services, multichannel, multipoint distribution services (MMDS), fixed wireless] that feature smaller cells, shorter base station antenna heights, and higher frequencies. For these conditions, Hata-Okumura and other models may not suffice. Also, they may not be suitable for hilly, heavily wooded terrain. To correct for these limitations, we have analyzed an extensive body of experimental data collected in a large number of existing macrocells. The data were collected by AT&T Wireless Services in several suburban environments across the United States. Our regression analyses on the experimental data have led to a simple one-slope characterization for decibel path loss versus decibel-distance. The novelty in the current model is that the two major parameters of this characterization (path loss exponent and shadow fading standard deviation are treated as randomly variable from one macrocell to another, and the data have been used to describe these variations statistically.
In Section II, we describe the data collection method. Section III presents the data reductions and numerical results. Section IV summarizes the data reductions in the form of a statistical model of path loss at 1.9 GHz. Section V discusses possible refinements to the model, as well as possible extensions to cases not explicitly covered by the data base.
II. DATA COLLECTION METHOD
The experimental data were taken in several suburban areas in New Jersey and around Seattle, Chicago, Atlanta, and Dallas. For most (but not all) locations, leaves were present on the trees. The base antenna heights were in the range from 12 to 79 m.
The base antenna transmitted continuous wave (CW) signals with an omnidirectional azimuth pattern and gain of 8.14 dBi. The mobile antenna (mounted at 2-m height on a test van) had an omnidirectional azimuth pattern and gain of 2.5 dBi. The data were collected using a Grayson receiver, set for 1-s averaging as the van moved through the environment. Thus, the fast local fading due to multipath was averaged, yielding estimates of local mean power.
In all, 95 cellular base stations were involved in the measurements. For each of these, the CW test signal was transmitted close to 1.9 GHz, and the mobile receive van drove around the cellular coverage area measuring and recording local mean power. In addition, global positioning system (GPS) data were recorded, which made it easy to determine the radial distance from the base associated with each power measurement. The experimental data were taken at distances ranging from tens of meters to 8 km.
A wide range of terrain categories was covered. Around Seattle, and in some Atlanta and New Jersey locations, the terrain was mostly hilly, with moderate-to-heavy tree densities. Around Chicago and Dallas, and in some Atlanta and New Jersey locations, the terrain was mostly flat, with light tree densities. Therefore, we have developed a model containing three terrain categories. The maximum path loss category is hilly terrain with moderate-to-heavy tree densities; we call 0733-8716/99$10.00  1999 IEEE this Category A. The minimum path loss category is mostly flat terrain with light tree densities; we call this Category C. The middle category can be characterized as either mostly flat terrain with moderate-to-heavy tree densities, or hilly terrain with light tree densities; we call this Category B.
III. DATA REDUCTIONS AND RESULTS
A. Preliminary Assumptions
The path loss in a macrocellular environment shows a generally increasing trend with distance from the base. This is evident in Fig. 1 , which shows a scatter plot of measured path loss and distance for one of the 95 cell sites. By path loss, we mean the transmit power times the antenna gains divided by the mean received power. The local mean power can be measured via either time averaging of a CW transmission by a moving receiver (as in the current study) or frequency averaging of a broadband transmission by a fixed receiver.
It is common practice to represent path loss as some power of distance plus a random variation about this power law due to shadow fading. On a log-log plot such as Fig. 1 , this amounts to putting a linear regression curve through the scatter of points (as shown) in such a way that the root mean square (rms) deviation of points about this curve is minimized. This is our starting approach. We assume that, beyond some close-in distance the decibel path loss can be written as (1) where is the decibel path loss at distance and is the shadow fading variation about the linear relationship. We call the intercept value, and we choose a value for of 100 m. The shadow fading term has an rms value over the terrain of dB, and and can be chosen for a given macrocell (cell site) so as to minimize . 1 
B. Scatter Plots
In Fig. 1 the least-squares (i.e., minimumregression curve is also shown. Over all 95 sites analyzed, the minimized was in the range 5-16 dB. In every case, moreover, was greater than two. Having numbers for and for a specific measured cell is useful, but in a limited way only. The essence of a truly useful model is to be able to characterize these numbers even for cells in which no measurements are made. By examining and over all 95 sites, we learned some interesting things (reported next) that led us to a simple formula for and statistical descriptions for and
C. Key Findings
First, we learned that most -values are close to the freespace path loss at 100 m. At 1.9 GHz, this path loss is approximately 78 dB, and most of the least-squares -values were within a few decibels of this number. What this suggests is that might be modeled by the formula for all cases, where is wavelength in meters.
Pursuing this prospect, we fixed at 78 dB and recalculated, for each cell site, the least-squares under this constraint. The changes in were minor and, more importantly, so were the increases in . On average, this "fixed-intercept" approach increased by only 0.2 dB. In fewer than 10% of all cases did increase significantly using the fixed intercept method. We therefore decided, in the interest of simplicity, to adopt the fixed-intercept approach in our modeling.
Second, we learned that the power-law exponent is strongly dependent on the base antenna height and the terrain category. Fig. 2 shows scatter plots of and for the three terrain categories, together with regression fits, where we have chosen the expression for the fitting function. All -values were calculated under the fixedintercept assumption dB. As the curves show, higher base antennas lead to smaller . This is not surprising, since less blockage and better ground clearance produce closer to a line-of-sight condition, for which . Third, we learned that the deviation of about its regression fit (denoted here by has a near-Gaussian distribution over the population of macrocells for each terrain category. For example, the cumulative distribution function (CDF) of for Category A is shown in Fig. 3 , where the straight line denotes a Gaussian distribution.
Fourth, we learned that the random variate in (1) does indeed tend to be Gaussian within a given macrocell, confirming the notion that shadow fading is log-normal. A representative example is shown in Fig. 4 .
Finally, we learned that itself, like , is random from one macrocell to another, and that it can be described, within each terrain category, by another Gaussian distribution! (We saw no strong influence of base station antenna height on as we did for .) For Category C, Fig. 5 shows two results for the CDF of : one wherein and are jointly optimized, and one wherein is fixed (free-space path loss at m) and only is optimized. Our modeling is done for the latter case, and the comparison shows very little difference between the two cases. Similar closeness was observed for the other two terrain categories (A and B), further vindicating the fixed-intercept approach we have taken.
IV. THE MODEL
Based on the above findings, we have constructed a path loss model for propagation in suburban environments. The model is derived from data taken at 1.9 GHz with an omnidirectional terminal antenna at a height of 2 m and is therefore limited to these conditions. In the next section we discuss possible extensions of the model to other conditions. Repeating (1) for convenience, the decibel path loss as a function of distance is (1) where and are characterized as follows. Intercept: The intercept is a fixed quantity is given by the free-space path loss formula [8] (2) where m and is the wavelength in meters. Path Loss Exponent: The path loss exponent is a Gaussian random variable over the population of macrocells within each terrain category. It can be written as m m (3) where is base station antenna height in meters; the term in parentheses is the mean of (with and in consistent units);
is the standard deviation of ; is a zero-mean Gaussian variable of unit standard deviation, ; and and are all data-derived constants for each terrain category. The numerical values of these constants are given in Table I .
Shadow Fading: The shadow fading component varies randomly from one terminal location to another within any given macrocell. It is a zero-mean Gaussian variable and can thus be expressed as (4) where is a zero-mean Gaussian variable of unit standard deviation ; and , the standard deviation of , is itself a Gaussian variable over the population of macrocells within each terrain category. Thus, can be written as (5) where is the mean of ; is the standard deviation of ; is a zero-mean Gaussian variable of unit standard deviation ; and and are both data-derived constants for Table I .
Additional Comments: Combining (1)- (5), we can write the path loss at any point in a wide-area service environment as (6) where the first bracketed term is the median path loss at distance over all macrocells, and the second bracketed term is the random variation about that median. Bear in mind that and are independent zero-mean Gaussian variables of unit standard deviation, , and that and vary from cell to cell, while varies from location to location within each cell. Also note that the standard deviation of this variable part, which is easily shown to be (7) grows (slowly) with distance. The variable part in (6) is not precisely Gaussian because of the term (product of two Gaussian variables), but this component is small compared to the two larger terms, which are Gaussian. Therefore, the variable part is well approximated as a zero-mean Gaussian variable whose standard deviation is given by (7) .
The above model lends itself to a wide variety of system simulations. It is enriched in comparison with other models by the inclusion of the variability of and from cell to cell, the characterization of that variability by simple statistical descriptions, and the capturing of the dependencies on base station antenna height and terrain category. 2 Finally, in using this model for simulations, it would be prudent to use truncated Gaussian distributions for and so as to keep and from taking on (however rarely) unrealistic values. One possibility is to confine to the range 1.5 (meaning a different -range for each terrain category), and to confine both and to 2.0. This approach would be consistent with the extreme values observed in the underlying data base.
V. DISCUSSION
The formation of the statistical model requires a balance between including as much detail as possible (consistent with available data and physical intuition) and providing utilitarian value with a minimum of complexity. The above model reflects a tradeoff between these goals. There are various ways it could be expanded and refined, either with more data, more analysis or both, at some cost in complexity. We discuss some of these possibilities here.
The partitioning of the terrain categories could be improved via further measurements, leading to better precision in classifying cell types. This would probably require a significant increase in the number of macrocells measured. A larger data base might also improve the precision of our statistical descriptions for and . Another use of such an enlarged data base would be to assess the spatial variabilities of and , i.e., characterize their changes from cell to adjacent cell for purposes of refining wide-area simulations.
Other possible model refinements include i) using a twoslope (i.e., two-curve for the median path loss and ii) modeling as a function of distance. Both data and intuition support the idea of a "breakpoint" distance, related to the antenna heights, at which the slope of the median path loss changes; and there is support, as well, for the variation of with distance. We have not incorporated such features into the current model for three reasons: i) There is insufficient data to model/characterize the breakpoint distance, especially at higher base station antenna heights where the breakpoints are more pronounced. ii) We see minimal benefit in terms of modeling accuracy at the larger ranges of interest. iii) We have attempted to minimize modeling complexity. Nevertheless, more detailed descriptions may be needed in some applications; these cases would motivate further data collection and analysis and subsequent model expansion.
Finally, the value of the model presented here would be enhanced by extending it to other frequencies , to other terminal antenna heights , and to directional terminal antennas. Extensions to frequencies other than 1.9 GHz could build on work reported in [1] , [2] , and [9] - [12] , which quantify the increase in path loss with extensions to antenna heights other than 2 m could build on work reported in [1] , [2] , and [13] , which quantify the decrease in path loss with ; and extensions to directional antennas (as might be used in wireless local loops) could exploit findings reported in [13] and [14] , which quantify the statistical nature of antenna gain in wide-angle scatter.
VI. CONCLUSION
We have presented a statistical path loss model for 1.9-GHz wireless systems in suburban environments. The path loss it predicts can be either the local mean (time-averaged) value for a mobile system or the broadband (frequency-averaged) value for a fixed system. The model makes distinctions among different terrain categories. We found these distinctions to be very important, because experimental data shows tens of decibels of difference in path loss among categories. Also, the model covers closein distances and low base antenna heights. Most of all, it accounts for the variability of key path lost parameters from one cell to another over a service environment. The result is a general statistical framework for describing path loss that can be upgraded with further measurements.
